Significance and Impact of the Study: This review evaluates the potential of methicillin-resistant Staphylococcus aureus (MRSA) as food-borne pathogens based on the current knowledge about the epidemiology of MRSA, their prevalence in livestock, foods of animal origin and humans, and their ability to produce enterotoxins. 
Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) was identified in 1962 and, together with certain species of Enterococcus, are currently considered as global pandemic threats (CDC 2013; Rossolini et al. 2014) . Methicillinresistant S. aureus has been recognized as a major causative agent of healthcare-associated infections (healthcareassociated, methicillin-resistant S. aureus, HA-MRSA) in humans for decades (Deurenberg et al. 2007) . Since the early 1990s, MRSA strains have emerged, which are involved in community-associated infections (nonhospital related) in humans in many countries (community-associated, methicillin-resistant S. aureus, CA-MRSA) (Deurenberg et al. 2007) . Moreover, in recent years, the isolation of MRSA from livestock (livestock-associated, methicillin-resistant S. aureus, LA-MRSA) and companion animals has also been reported (Nemati et al. 2008; EFSA 2009; Wendlandt et al. 2013; Vincze et al. 2014) . HA-MRSA and CA-MRSA are believed to predominantly affect humans and, in general, are not involved in livestock infections. However, humans may harbour LA-MRSA, especially in cases where there is occupational contact with affected livestock (Cuny et al. 2015) . Furthermore, overlaps between these different MRSA reservoirs have been reported, including nosocomial infections by CA-MRSA (Moore et al. 2009; Skov and Jensen 2009) and isolation of LA-MRSA from the hospital environment (van Rijen et al. 2008) . The incidence of invasive HA-MRSA infection seems to be declining (CDC 2013; Rossolini et al. 2014) , while a rapid rise of CA-MRSA infections has been observed among the general population (CDC 2013) . The traditional epidemiological classification of MRSA into HA-MRSA, CA-MRSA and LA-MRSA may no longer be valid because there are considerable overlaps of identical clones between these groups (Bal et al. 2016) .
To date, a great number of studies have reported the isolation (with variable frequencies) of MRSA from livestock, wild animals and derived foods, both raw and ready to eat, as well as from professionals working in the animal husbandry or the food production chain settings (Wendlandt et al. 2013; Kraushaar and Fetsch 2014; Lozano et al. 2016) . A wide variation in MRSA prevalence has been observed, depending on the geographical area where each investigation was conducted. This variation appears to be associated with or influenced by many factors such as climatic conditions (survival of pathogenic and commensal bacteria in warm and moist environments) and human practices such as the use of substandard medicines, the empirical use of antibiotics, selfmedication both in human and veterinary infections, the overuse and unnecessary prescription of antimicrobials, the use of broad-spectrum agents without susceptibility data, the lack of opportunity to review cases and poor sanitation standards (Institute of Medicine (US) Forum on Emerging Infections 2003).
To date, the presence of CA-MRSA, LA-MRSA and even HA-MRSA in foods has been documented by several surveys worldwide, but whether or not MRSA can act as food-borne pathogens remains unclear. The present review summarizes the published data on the pathogenic and epidemiological characteristics of MRSA, which contribute to the assessment of their potential role as foodborne pathogens.
Staphylococcal enterotoxins and staphylococcal food poisoning
Staphylococcus aureus has the ability to produce staphylococcal enterotoxins (SEs) when growing in foods in high cell densities. Staphylococcal food poisoning (SFP) is a food-borne intoxication caused by the ingestion of foods containing preformed SEs. SFP can be caused by the ingestion of 20-100 ng of toxins, and the severity of the illness depends on the amount of toxin ingested and the general health of the individual (Asao et al. 2003; Schelin et al. 2011) . Symptoms appear rapidly within a few hours after ingestion and include nausea, vomiting, diarrhoea and abdominal pain (Bergdoll 1989) . The disease is usually mild, shelf-limiting and typically resolves within 24-48 h from the onset of symptoms. Hospitalization is rarely required; the rare hospitalized cases concern infants, the elderly, debilitated patients and persons who have concomitant illnesses (Murray 2005) . Generally, the treatment aims at the restoration of fluids and electrolytes lost as a result of severe vomiting.
Staphylococcal enterotoxins are pyrogenic exotoxins and belong to a family of low molecular weight bacterial proteins, which act as superantigens, stimulating T cells, leading to the production of inflammatory cytokines (Krakauer 2012) . They are soluble in water and saline solutions, remarkably resistant to heat, freezing, drying and low pH as well as to proteolytic enzymes, retaining their activity in the digestive tract after ingestion (Bergdoll 1989) .
So far 21 SEs or enterotoxigenic-like proteins (SEls) have been recognized. The classical SEs (SEA to SEE) and the recently identified SEG, SEH, SEI, SER and SET have the potential to induce emesis. SEls (SElK, SElL, SElM, SElN, SElO, SElP, SElQ, SElU, SElV and AElX) either have relatively weak emetic activities or their emetic activities have not been studied yet (Omoe et al. 2013) .
Genomic studies have revealed extensive genetic variations among pathogenic clones of S. aureus. Approximately 75% of the core S. aureus genome consists of genes present in all strains (Lindsay and Holden 2006) . The accessory S. aureus genome consists of genes encoding a diverse range of nonessential functions ranging from virulence, drug resistance and metal resistance to substrate utilization and metabolism. The accessory genome usually consists of mobile genetic elements (MGEs), which are large, discrete pieces of DNA that encode mobilization functions and may be present or absent in bacterial genomes showing evidence of recombination and transfer. Horizontal transfer of MGEs such as prophages, plasmids, pathogenicity islands (SaPIs), enterotoxin gene cluster (agc) and the staphylococcal cassette chromosome (SCC) as well as strain evolution is linked Letters in Applied Microbiology 64, 409--418 © 2017 The Society for Applied Microbiology to phages (Schelin et al. 2011) . Staphylococcus aureus accessory genes encoding virulence factors, such as the enterotoxins A through I, the toxic-shock syndrome toxin, the exfoliative toxins and others, are carried on MGEs (Lindsay 2010; Xia and Wolz 2014) . The high diversity of S. aureus strains with respect to accessory genes, as well as the evolution of new human and animal pathogenic strains, has been related to the accumulation of MGEs, encoding virulence factors and antimicrobial resistance, into successful lineages. The factors influencing this genetic flow and gene accumulation among staphylococcal strains are not clear; nonetheless, they seem to be responsible for significant changes in the pathogenicity and epidemiology of S. aureus (Ortega et al. 2010) . Hence, any commensal S. aureus may turn into a pathogen upon acquisition of genetic elements conferring antimicrobial resistance or enterotoxigenicity and, under favourable conditions, such a strain can express its pathogenicity.
Antimicrobial resistance of food pathogens: the case of MRSA Food-borne illnesses are considered a major source of morbidity and mortality, mainly in susceptible population groups such as the infants, the elderly and the immunocompromised (Anderson 2013) . According to the Centers for Disease Control and Prevention (CDC 2011), five among the 31 known food-borne pathogens account for the vast majority of domestically acquired illnesses (Norovirus, nontyphoidal Salmonella, Clostridium perfringens, Campylobacter spp. and S. aureus), whereas the top five food-borne pathogens contributing to domestically acquired illnesses resulting in hospitalizations are nontyphoidal Salmonella, Norovirus, Campylobacter spp., Toxoplasma gondii and Escherichia coli O157 (STEC). These estimates together with those of unspecified agents are considered to be rather conservative, and the global burden of food-borne diseases is believed to be considerably higher. In 2015, a total of 4362 food-borne outbreaks were reported by 26 Member States in the E.U. (EFSA and ECDC 2016) . These food-borne outbreaks (including waterborne) caused 45874 cases of illness, 3892 hospitalizations and 17 deaths. The causative agents were known for about two-thirds of these outbreaks. When the 2015 EU outbreaks were classified by type of agent, those (n = 825) due to 'other bacterial toxins', that is toxins produced by Bacillus spp., Clostridium spp. (other than C. botulinum), Staphylococcus and other unspecified bacterial toxins, ranked second after those caused by Salmonella spp. (n = 953).
In healthy adults, food-borne infections and intoxications are usually mild and self-limiting. However, in invasive and complicated cases, treatment with antimicrobials is necessary. Outbreaks caused by drug-resistant food-borne bacteria are no longer considered an emerging problem; rather, they constitute an established situation. Hence, antimicrobial resistance renders the corresponding antimicrobials ineffective in treating such infections, resulting in serious public health problems (EFSA and ECDC 2017) . The available data on food-borne outbreaks due to antimicrobial-resistant bacteria are generally insufficient, mainly due to the fact that the isolated bacteria are not routinely subjected to antimicrobial susceptibility testing, and, even if tests are carried out, the reporting of the results is not mandatory to the competent health authorities (WHO 2014) .
The vast majority of food-borne outbreaks caused by antimicrobial-resistant pathogens are the result of the consumption of contaminated foods of either animal-origin or multi-ingredient foods. Strong evidence is available in support of the fact that (i) the antimicrobial use in livestock and animal husbandry is the main contributing factor to the emergence of antimicrobial-resistant, zoonotic, food-borne bacteria and (ii) the animal-origin foods contaminated with such micro-organisms constitute potential vehicles for human infection (CDC 2013).
Antimicrobial resistance also appears to be related to increased virulence in humans. Several epidemiological studies have shown the correlation of increased morbidity and mortality of infections caused by antimicrobial-resistant food-borne pathogens (Mølbak 2005) . For instance, following the consumption of contaminated food, resistant food-borne bacteria may asymptomatically colonize the intestinal tract. Antimicrobial administration/therapy during this colonization period (e.g. for an unrelated reason) may lead to the development of a severe clinical disease because the resistant food-borne pathogens may prevail over the sensitive antagonistic gut microflora (Glynn et al. 2004) .
In contrast to data on Salmonella spp., Campylobacter spp. and Shigella spp. (Silva et al. 2011; CDC 2013; Bowen et al. 2015) , which highlight a clear involvement of antimicrobial-resistant strains in food-borne outbreaks, there are only a few studies on the involvement of MRSA. A serious food-initiated MRSA outbreak was reported in a hospital in the Netherlands (Kluytmans et al. 1995) involving 27 patients from the haematology and surgical unit and 14 healthcare workers of the University Hospital Rotterdam, Dijkzigt. Twenty-one of the patients developed clinical disease and five of them died. The first outbreak of gastrointestinal illness caused by MRSA was reported by Jones et al. (2002) . In this community-acquired food-borne outbreak, 12 strains of S. aureus were isolated from food, affected people and food handlers, and one was identified as MRSA, capable Letters in Applied Microbiology 64, 409--418 © 2017 The Society for Applied Microbiology of producing staphylococcal enterotoxin (SE) C; this isolate was sensitive to all antibiotics tested except penicillin and oxacillin. A French study on foods incriminated in SFP outbreaks revealed two MRSA strains of the 33 strains tested (K erouanton et al. 2007 ); compared to human clinical isolates, the SFP outbreak strains were more susceptible to antibiotics (except for two SFP outbreak strains that were resistant to methicillin). More recently, a rare case of MRSA colitis in an adult (without any apparent predisposing medical condition) has been reported in the United States (Kalakonda et al. 2015) . This was the sixth reported case of MRSA colitis in the literature since 1993 (Kalakonda et al. 2015) . Boyce and Havill (2005) reported 11 cases of MRSA nosocomial-associated diarrhoea in the United States; the isolates produced SE A (n = 2), A and B (n = 6), or D (n = 3), whereas the MRSA counts in the stools of affected patients exceeded 1Á0 9 10 8 CFU per g. Generally, and due to the typically mild nature of the resulting illness, there appears to be significant underreporting regarding the incidence of SFP and especially the identification/isolation of the causative S. aureus strains, including MRSA. SFP is caused by the consumption of one or more preformed SEs in the incriminated foods, irrespective of whether the SE-producing strain is MRSA or a methicillin-sensitive S. aureus (MSSA). In addition, the causative agent may or may not be present in the incriminated food, because, in contrast to the heat-resistant nature of SEs, S. aureus vegetative cells are heat labile. Prerequisites for the production of SEs in foods are (i) the food contamination with an enterotoxigenic S. aureus strain and (ii) the presence of favourable (food and environmental) conditions for S. aureus growth, resulting in high staphylococcal cell densities and enterotoxin production. SFP is usually associated with the growth of S. aureus in protein-rich foods, such as meat and dairy products, and the main factors affecting production of SEs are temperature (10-46°C), pH (5-9Á6), a w (0Á86-0Á99) and redox potential (À100 to +200 mV) (Schelin et al. 2011) . Usually, the bacterium is not detected in the suspected food vehicle or in the patients' stools and the diagnosis is based either on the clinical manifestation or the detection of SEs. Furthermore, staphylococcal intoxications are usually self-limiting, without requiring any therapy. In cases where treatment is needed, it is supportive in nature, not requiring the use of antimicrobials. Hence, in the vast majority of SFP patients, no microbiological examinations are performed, and, consequently, no antimicrobial susceptibility tests are conducted.
Based on the above, the involvement of MRSA in SFP cases or outbreaks worldwide may be severely underestimated.
Relatedness of MRSA isolates from foods and human infections
Genotyping has become an important tool in characterizing MRSA isolates, and the assessment of their genetic structure is very useful in establishing the epidemiological relationship of strains isolated from different sources. For the characterization and evaluation of the genetic relatedness among S. aureus (including MRSA), numerous molecular typing approaches are used. These typing methods include multilocus sequence typing (MLST), single-locus DNA sequencing of the repeat region of the S. aureus-specific protein A (spa typing), staphylococcal cassette chromosome mec (SCCmec) typing, randomly amplified polymorphic DNA analysis (RAPD) and pulsed-field gel electrophoresis (PFGE). Although PFGE is considered as the 'gold standard' typing method for S. aureus, providing consistent results, efficient for epidemiological investigations (Strommenger et al. 2006) , MLST and amplified fragment length polymorphism (AFLP) yield similar results (Melles et al. 2007 ). In recent years, next-generation DNA sequencing technologies allow for the determination of the entire genome of bacterial isolates, enabling the in-depth discrimination among genomes and consequently the resolution of subclonal strain relationships (Didelot et al. 2012; SenGupta et al. 2014 ).
To date, numerous studies have reported the isolation of MRSA from foods and some of these isolates were identical to isolates from HA-MRSA and CA-MRSA human infections. Pu et al. (2009) reported the isolation of MRSA belonging to HA-MRSA clones USA100 (n = 19) and USA300 (n = 3) from retail meat in Louisiana, United States. These clones have been recognized as major causes of healthcare-associated infections (Carrel et al. 2015) . In a study conducted in Georgia, United States, the MRSA ST8/t008 type was isolated from retail beef meat and humans from the same geographical area. In addition, another MRSA isolate had a similar PFGE profile with a human isolate (Jackson et al. 2013) . LA-MRSA ST398 has been isolated from human infections in Canada (Golding et al. 2010) ; the patients had no previous history of exposure to pigs, pig farms or any animal contact. Two MRSA strains belonging to the ST125-t067 and ST127-t032 types were isolated in Spain from chicken and rabbit raw meat, respectively (Lozano et al. 2009 ); both these types are associated with human infections (Qi et al. 2005 ) and ST125-t067 was implicated in more than 50% of the invasive infections in Spain (P erez-V asquez et al. 2009). A study in Germany examined 14036 MRSA isolates (from patients and outpatients from 39 hospitals and general/specialized practices, respectively) and revealed that 19Á7% of the MRSA isolates belonged to LA-MRSA spa types. These isolates mainly (18Á6%)
Letters in Applied Microbiology 64, 409--418 © 2017 The Society for Applied Microbiology belonged to spa types associated with the MLST lineage CC398. Isolates from spa types indicative for the MLST lineages CC5, CC9, CC97 and CC30 were rarely found (K€ ock et al. 2013) .
Since 2005, when MRSA CC398 was first reported to cause severe infection in humans (Voss et al. 2005) , this clone has been a frequent and increasing cause of infections among both individuals working in the livestock industry and individuals unexposed to livestock in Europe, especially in countries having intensive livestock production systems (van Cleef et al. 2011; Larsen et al. 2015) . Although direct exposure seems to be the most effective means of CC398 MRSA transmission from animals to humans, 28-38% of the patients were previously unexposed to livestock, indicating the involvement of other transmission pathways (Deiters et al. 2015) .
These studies show that probable MRSA sources can be healthcare units, farms, humans, livestock, foods and companion animals, and the pathogen may circulate among them.
Presence of enterotoxigenic MRSA in foods
Many of the MRSA strains isolated from foods were found to be able to produce enterotoxins or to carry genes encoding for the production of SEs and/or SEls. The molecular characteristics and the enterotoxigenic profile of such food isolates are listed in Table 1 . In Portugal, Pereira et al. (2009) isolated 28 MRSA strains that were found to be both enterotoxigenic and oxacillin resistant (data not shown in Table 1 ). These MRSA were isolated from foods of animal origin (raw and fermented meat products, raw cow's milk and dairy products, cow mastitic milk and others). The isolates carried sea, sec, sed, seh and sei genes, alone or in combinations. In a study performed in Hong Kong (data not shown in Table 1 ), 127 MRSA strains were isolated from retail meats: 31 isolates from chicken, 78 from pork, one from pork-meat balls and 17 from beef. The majority of the isolates belonged to spa-type t899, which has been associated with CC9. Among the chicken isolates, besides t899 (the majority of chicken isolates), a higher range of spa types was observed, and, among them, 18% belonged to t034, which has been associated with CC398. None of the MRSA isolates harboured genes encoding for the classic SEs (A, B, C, D, E) but the seg, sei, sej, sem and sen genes were present in 97% of the isolates, seo in 82% and sek in 6% of the isolates (Boost et al. 2013) .
Besides their isolation from foods, enterotoxigenic MRSA have been also isolated from individual patients. Fey et al. (2003) examined 32 CA-MRSA and 32 HA-MRSA isolates from individual patients and reported that all except one of the CA-MRSA isolates produced either SEB (n = 5) or SEC (n = 26). In contrast, none of the HA-MRSA isolates produced SEs. Sila et al. (2009) examined 100 MRSA isolates from patients in the Czech Republic. The authors reported seven SE genes detected in the MRSA isolates: sea, seb, sed, seg, sei, sej and eta, encoding for the production of the SE A, B, D, G, I, J and the exfoliative toxin A, respectively. The most frequently detected genes were seg and sei (found in 77% of the isolates); sea was present in 12% of the isolates, sed and sej were present, always together, in 17% of the isolates, seb in 3% and sec in 2% of the isolates.
So far there is no evidence for a positive correlation between antibiotic resistance and enterotoxigenicity or for different behaviour among MRSA and MSSA concerning enterotoxin production. Therefore, if the food production and storage conditions favour enterotoxin production, MRSA strains carrying enterotoxin genes should be capable of producing enterotoxins, similar to any other enterotoxigenic S. aureus. However, the role of antibiotic resistance in the pathogenicity of enterotoxigenic S. aureus has been observed under certain conditions, such as those leading to antibiotic-associated diarrhoea. The alteration of the intestinal microbiota as a result of antibiotic therapy seems to be contributing to the expression of pathogenic properties of MRSA colonized in the intestinal tract, such as enterotoxin production (Boyce and Havill 2005; Ortega et al. 2010) . Therefore, under conditions favouring growth and enterotoxin production, SFP due to the presence of enterotoxigenic MRSA in foods is possible, without necessarily being accompanied by other, antimicrobial resistance-related, complications.
Discussion
Staphylococcus aureus is a versatile robust opportunistic pathogen, which can survive in diverse environments and grow in many types of foods. The S. aureus versatility depends on its ability to sense its environment and respond by modulating gene expression including the synthesis of virulence determinants such as SEs (Seo and Bohach (2013) .
Based on the data reported from the aforementioned surveys, it is evident that MRSA can be occasionally present in foods, posing a potential public health risk. The main risks related to the presence of MRSA in foods are the dissemination of the pathogen in the community and SFP. However, methicillin resistance is not required for (is unrelated to) the production of enterotoxins, and SFP is not a disease that is treated with antibiotics. Therefore, enterotoxigenic MRSA may possess a similar potential to cause SFP as any other enterotoxigenic nonmethicillinresistant S. aureus.
The main criterion for the designation of a S. aureus strain as enterotoxigenic and therefore as a food-borne pathogen is its ability to produce SEs. In this respect, any MRSA strain carrying genes conferring SE production (and thus under permissive conditions being capable of producing SEs in a food and cause SFP) may be characterized as food-borne pathogen.
The development of invasive disease following the ingestion of food contaminated with enterotoxigenic MRSA is yet another risk. If antibiotic therapy is administered to a colonized individual, there is a risk that MRSA could prevail against the sensitive intestinal flora, grow, produce enterotoxins and subsequently cause illness. When food is cooked properly, the potential risk related to consumption of MRSA-contaminated food is probably not relevant. The risk largely depends on the hygienic measures taken, the populations of MRSA present in food, and the ability of the strain itself to colonize the host.
The risk of SFP by MRSA appears to be low given its low prevalence in foods, at least according to the data available up to date. A satisfactory risk assessment of MRSA-related SFP cannot be done because of lack of sufficient data. Several attempts have been made to develop predictive models for the growth and SE production in foods by S. aureus most of which show major limitations because they include very generic information for the production of SEs, whereas molecular approaches revealed an increasing diversity in both the SE types and regulation mechanisms (Schelin et al. 2011) . Some of these models concerning the growth and survival of S. aureus are available on the Internet (McMeekin et al. 2006 ). Most models were developed based on experimental data derived from studies performed in model foods (and not actual foods), in which S. aureus growth and SE production were assessed as a function of specific parameters such as temperature, pH, moisture, oxidation/reduction potential, nitrite concentration. Further research is required using real foods and taking into account the diversity (e.g. differences in enterotoxigenicity, antimicrobial resistance or infectivity) of S. aureus strains, to evaluate all those parameters of the food affecting the growth of S. aureus and consequently the formation of SEs (Schelin et al. 2011) .
To minimize the risk of the dispersion of MRSA in the community as well as the occurrence of staphylococcal food-poisoning outbreaks (SFPOs), effective control options seem to be the application of good manufacturing practices (GMPs), good hygiene practices (GHPs), prerequisite programmes (PRPs) and hazard analysis and critical control point (HACCP) systems throughout the production chain of foods of animal origin, that is, from the primary production in the farms to the processing and retail facilities (EFSA (European Food Safety Authority) 2009). These measures are intended to prevent (or at least limit) the contamination of foodstuffs with S. aureus (and MRSA), eliminate them in the processing stages considered as CCPs or prevent their growth and formation of SEs in foods. For MRSA, beyond these measures, the application of good husbandry practices and surveillance is needed at the farm level by checking its prevalence in livestock and applying decontamination practices or excluding animal carriers from production. As humans are considered the main source of food contamination during processing, the strict application of simple GHPs plays a pivotal role in preventing contamination of foods with MRSA. Such basic, yet highly effective practices include the covering of wounds or cuts of workers' hands, the frequent washing and disinfection of hands, the use of gloves and their regular changing, the exclusion of workers with contagious diseases from handling foods, and, above all, the continuing education and supervision of staff in hygiene practices.
The prudent use of antimicrobials in veterinary medicine, especially in livestock, and the prohibition of use of antimicrobial drugs as growth promoters have been widely accepted as necessary preventive measures. Furthermore, the establishment of thresholds (such as microbiological criteria) for MRSA in foods, as well as for other selected food-borne bacteria resistant to certain antimicrobials, may be a valuable option for controlling the dissemination of antimicrobial resistance.
Conclusions
Methicillin-resistant Staphylococcus aureus can be occasionally present in foods and pose a potential public health risk. Methicillin-resistant Staphylococcus aureus strains carrying SE genes have the potential to produce SEs in foods under favourable conditions for growth and SE production. Although according to the published data the prevalence of MRSA in foods is low, their potential to be implicated in SFPOs should not be underestimated. The severity of SFP is not related to the antimicrobial resistance profile of the causative S. aureus strain, and therefore, MRSA SFPOs are not expected to be different from those caused by MSSA strains. For an effective risk assessment of SFP by MRSA, it is necessary to collect data on the antimicrobial resistance of S. aureus strains incriminated in SFPOs. Currently, the improvement of hygienic practices at all stages of the food production chain based on the principle 'from farm to fork' and the reduction of the pathogen load in foodstuffs of animal origin seem as the only realistic measures for the prevention of dissemination of food-borne antimicrobial-resistant bacteria.
